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(57) ABSTRACT

A steering device 1s connected to a turning mechanism to
which a part of a turning force 1s applied by a hydraulic
mechanism. The steering device includes an electric motor,
a rotation angle detector, and a steering control device. The
steering control device i1s configured to acquire a target
turning angle which 1s a target value of a turming angle of
turning wheels, to control the electric motor such that a
turning angle of the turning wheels reaches the target turning
angle, to estimate a delay of an actual turning angle of the

turning wheels with respect to the target turning angle based
on a delay model with the detected rotation angle as an input,
to output delay information, and to correct the target turming
angle based on the delay information.

4 Claims, 5 Drawing Sheets
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STEERING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to Japanese Patent Appli-

cation No. 2020-089792 filed on May 22, 2020, incorpo-
rated herein by reference in 1ts entirety.

BACKGROUND

1. Technical Field

The disclosure relates to a steering device that i1s con-
nected to a turning mechanism to which a part of a turning,
torce 1s applied by a hydraulic mechanism.

2. Description of Related Art

A hydraulic power steering device that applies an assist
force to a turning mechanism of a vehicle by supplying a
hydraulic o1l from an o1l pump to a power cylinder coupled
to the turning mechanism via a hydraulic pressure control
valve 1s known 1n the related art.

For example, a hydraulic power steering device described
in Japanese Unexamined Patent Application Publication No.
2017-56745 (JP 2017-56745 A) 1s a device that applies an
assist force from an electric motor 1n addition to a hydraulic
pressure to a turning mechanism. In the hydraulic power
steering device, by detecting a steering torque based on a
rotation speed signal of the electric motor, the number of
torsion bars which are provided 1n the steering device can be
decreased and a phase diflerence between a driver’s steering
angle and a turning angle of turning wheels can be curbed.

SUMMARY

The inventor found that a delay of turning of turming
wheels with respect to a driver’s operation 1s not based on
only the torsion bars which are externally fitted to a steering
shaft. As a result of eamest experiment and study, the
inventor found that a turning angle 1s delayed with respect
to a driver’s steering more than supposed due to slowness of
a reaction (looseness) of the hydraulic mechanism particu-
larly when steering of repeating turning and returning of a
steering wheel 1s performed at the time of traveling on an
S-curved road.

The disclosure provides a steering device that can curb a
delay of an actual turning angle with respect to a target
turning angle.

According to an aspect of the disclosure, there 1s provided
a steering device that 1s connected to a turning mechanism
to which a part of a turming force 1s applied by a hydraulic
mechanism. The steering device includes: an electric motor
that outputs a driving force which 1s applied to the turning
mechanism; a rotation angle detector that detects a rotation
angle based on rotation of the electric motor and outputs the
detected rotation angle; and a steering control device. The
steering control device 1s configured to acquire a target
turning angle which 1s a target value of a turming angle of
turning wheels, to control the electric motor such that a
turning angle of the turning wheels reaches the target turning,
angle, to estimate a delay of an actual turning angle of the
turning wheels with respect to the target turning angle based
on a delay model with the detected rotation angle as an input,
to output delay information, and to correct the target turning,
angle based on the delay information.
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According to the aspect, 1t 1s possible to curb a delay of
an actual turming angle of turning wheels with respect to a
target turning angle.

BRIEF DESCRIPTION OF THE DRAWINGS

Features, advantages, and technical and industrial signifi-
cance of exemplary embodiments of the disclosure will be
described below with reference to the accompanying draw-
ings, 1 which like signs denote like elements, and wherein:

FIG. 1 1s a diagram schematically illustrating a steering
system 1ncluding a steering device;

FIG. 2 1s a block diagram 1illustrating a functional con-
figuration of the steering device;

FIG. 3 1s a graph illustrating a state 1n which an actual
turning angle 1s delayed with respect to a target turning
angle;

FIG. 4 1s a block diagram 1llustrating another example of
the Tunctional configuration of the steering device; and

FIG. 5 1s a diagram schematically illustrating another
example of a steering system 1ncluding the steering device.

DETAILED DESCRIPTION OF EMBODIMENTS

Heremafiter, a steering device according to an embodi-
ment of the disclosure will be described with reference to the
accompanying drawings. Numerical values, shapes, materi-
als, constituents, positional relationships and connection
states between the constituents, steps, and the order of steps
described 1n the following embodiment are merely examples
and are not mntended to limit the disclosure. A plurality of
disclosures may be described as one embodiment 1n the
following description, and elements not described 1n the
appended claims are considered to be arbitrary elements of
the disclosures according to the claims. The drawings are
schematic diagrams with appropriate emphasis, omission,
and ratio adjustment to describe the disclosure and may not
reflect actual shapes, positional relationships, and ratios.

FIG. 1 1s a diagram schematically illustrating a steering
system 1ncluding a steering device. The steering system 200
1s a system that turns turning wheels 220 1n accordance with
a target turning angle and changes a traveling direction of a
vehicle 1n which the steering system 200 1s mounted. The
steering system 200 includes a turning mechanism 230, a
hydraulic mechanism 240, and a steering device 100.

The turning mechanism 230 1s a mechanism that turns the
turning wheels 220. The turning mechanism 230 i1s not
particularly limited, and a rack-and-pinion 1s employed in
this embodiment. Specifically, the turning mechanism 230
includes a pinion shaft 231, a rack shaft 232, and tie rods
233.

The pimion shait 231 1s a rod-shaped member including a
pinion that engages with a rack provided in the rack shaft
232. The pimion shaft 231 1s connected to the steering device
100 and rotates with a torque applied from the steering
device 100 such that the rack shait 232 moves 1n an axial
direction of the rack shait 232.

The rack shatt 232 1s a member that includes a rack which
engages with the pinion shaft 231 and 1s provided on a part
of an outer circumierential surface thereodf, converts rotation
of the pinion shaft 231 to translation 1n the axial direction of
the rack shait 232, and turns the turning wheels 220 via the
tie rods 233. The hydraulic mechanism 240 1s connected to
the rack shaft 232, and a part of a turning force for turming
the turning wheels 220, that 1s, an assist force, 1s hydrauli-
cally applied thereto. The rack shaft 232 1s accommodated 1n
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a rack housing that i1s attached to a vehicle body and
movement of the rack shaft 232 1s guided by the rack
housing.

The hydraulic mechanism 240 adjusts a hydraulic pres-
sure based on a rotation angle of the pinion shaft 231 or the
like and applies a force 1n the axial direction of the rack shaft
232 as a part of the turning force to the rack shait 232. The
hydraulic mechanism 240 i1s not particularly limited and
includes a power cylinder 241, a rotary valve 242, an o1l
pump 243, and a reservoir tank 244 1n this embodiment.

The power cylinder 241 includes a cylinder 246 which 1s
partitioned 1nto two spaces by a piston 243, and the piston
245 moves 1n the axial direction of the rack shait 232 by
adjusting hydraulic pressures of oils with which the two
spaces are charged. The piston 245 1s connected to the rack
shaft 232, and the piston 2435 applies a force in a moving
direction to the rack shait 232.

The rotary valve 242 1s a device that adjusts the hydraulic
pressures supplied to the two spaces partitioned by the
piston 245. The structure of the rotary valve 242 1s not
particularly limited and includes a torsion bar (not illus-
trated) which 1s interposed between the pinion shait 231 and
the steering device 100 in this embodiment. The rotary valve
242 controls the operation of the piston 243 by adjusting an
amount of o1l supplied from the o1l pump 243 with relative
movement of an mnner valve and an outer valve due to
torsion of the torsion bar and supplied to one of the two
spaces partitioned by the piston 245 and adjusting an amount
ol o1l recirculating to the reservoir tank 244 out of excess o1l
in the other space.

The steering device 100 1s a device that mechanically
applies an instruction for the turning angle to the turning
mechanism 230 and causes the turming mechanism 230 to
turn the turning wheels 220, and includes an electric motor
110, a rotation angle detector 120, and a steering control
device 130.

The electric motor 110 outputs a driving force which 1s
applied to the turning mechanism 230. A transmission mode
of transmitting the driving force generated by the electric
motor 110 to the turning mechanism 230 1s not particularly
limited and the electric motor 110 1s connected to a steering
shaft member 111 connected to the pinion shaft 231 of the
turning mechanism 230 without interposing a reduction gear
therebetween and transmits rotation of the output shaft of the
clectric motor 110 to the pinion shaft 231 at a rotation ratio
of 1:1 1n this embodiment. A motor turning force which 1s a
turning force applied from the electric motor 110 to the
turning mechamsm 230 1s much less than a hydraulic turning,
force which 1s a turning force applied from the hydraulic
mechanism 240 to the turning mechanism 230. For example,
most of the force for turning the turning wheels 220 1s the
hydraulic turning force, and the motor turning force 1s
transmitted to the turning mechanism 230 as a control force
(control information) for controlling the turning angle and
the turning direction of the turning wheels 220.

The rotation angle detector 120 1s a device that detects a
rotation angle for controlling the hydraulic mechanism 240
based on the rotation of the electric motor 110 and outputs
the detected rotation angle. In this embodiment, since the
ratio of the rotation angle of the rotary valve 242 that
controls the hydraulic mechamism 240 to the rotation angle
of the electric motor 110 1s 1:1, the rotation angle detector
120 15 a device that detects the rotation angle of the output
shaft of the electric motor 110 and outputs the detected
rotation angle. The type of the rotation angle detector 120 1s
not particularly limited, and it has a configuration that
includes a primary gear rotating along with the output shatt
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of the electric motor 110 and two secondary gears with
different diameters engaging with the primary gear and that
can detect a rotation direction as well as the rotation angle
of the output shaft by detecting rotation of permanent
magnets provided in the secondary gears using a Hall
clement or the like 1n this embodiment.

FIG. 2 1s a block diagram illustrating the functional
configuration of the steering device. The steering control
device 130 1s a device that controls the electric motor 110
such that the electric motor 110 operates by a rotation angle
of the output shaft corresponding to a target turning angle
and 1s an electronic control unit (ECU). The steering device
100 includes a target turning angle acquiring unit 131, a
motor control unit 132, a delay estimating unit 133, and a
correction unit 134 as processing units which are realized by
executing a program. In this embodiment, the steering
device 100 further includes a model information acquiring
unit 135 as a processing unit.

The target turming angle acquiring umt 131 acquires a
target turning angle for turning the turming wheels 220. In
this embodiment, the target turning angle acquiring unit 131
acquires the target turning angle from a target turning angle
output device 210 or an automatic control device 250.

The target turning angle output device 210 1s a device that
outputs a target turning angle desired by a driver when the
driver operates an operation member 211 such as a steering
wheel. In this embodiment, as 1llustrated 1n FIG. 1, the target
turning angle output device 210 includes an operation mem-
ber 211, a shaft member 212, and a target turning angle
detector 213. The target turning angle output device 210 may
turther include a torque detecting device and a reaction force
device.

The shaft member 212 1s a rod-shaped member that 1s
mechanically connected to the operation member 211 and
rotates 1n response to the operation of the operation member
211. In this embodiment, the shaft member 212 1s connected
to a reaction force device and a reaction force for giving a
steering feeling based on a driving condition or the like to
the driver operating the operation member 211 1s applied to
the shaft member 212.

The connection mode between the shaft member 212 and
the turning mechanism 230 1s not particularly limited and,
for example, the shait member 212 may be mechanically
connected to the pinion shaft 231 via the steering shaft
member 111, or mechanical connection between the shaft
member 212 and the pinion shatt 231 may be cut ofl using
a clutch or the like during automated driving. In this
embodiment, the shait member 212 and the turning mecha-
nism 230 are not mechanically connected, and the steering
system 200 15 a so-called linkless steer-by-wire system.

The target turning angle detector 213 1s a device that
detects a rotation angle of the operation member 211 and
outputs the detected rotation angle as a target turning angle.
In this embodiment, the target turning angle detector 213
detects the rotation of the shaft member 212 as the rotation
of the operation member 211. The type of the target turning
angle detector 213 1s not particularly limited and, for
example, a resolver, a rotary encoder, or the same device as
the rotation angle detector 120 which 1s attached to the
clectric motor 110 can be used.

The automatic control device 250 1s an ECU that auto-
matically drives the vehicle 1n which the steering system 200
1s mounted. In this embodiment, the automatic control
device 250 acquires information on an obstacle, a white line,
a signal, and the like outside the vehicle, for example, from
a camera 251 or a sensor such as a laser LiDAR 252,
sequentially generates a target turming angle corresponding
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to automated driving based on the acquired information, and
outputs the generated target turning angle to the target
turning angle acquiring unit 131.

The motor control unit 132 controls the electric motor 110
such that the turming angle of the turning wheels 220 reaches
the target turning angle based on the target turming angle
acquired by the target turning angle acquiring unit 131. In
this embodiment, the electric motor 110 1s supplied with
clectric power from a PWM 1nverter 260 including a plu-
rality of switching elements. The motor control unit 132
performs angle feedback control for controlling the motor
torque of the electric motor 110 based on a difference
between the target turning angle and the actual turning angle
of the turning wheels 220. In general, PID control 1s used as
the angle feedback control. Specifically, a target torque 1s
calculated by multiplying a term of the difference between
the target turning angle and the actual turning angle, an
integral term of the difference, and a differential term of the
difference by a proportional gain, an integral gain, and a
differential gain, respectively, and summing the terms, and
the target torque 1s output as a current command value to the
PWM inverter 260.

The delay estimating unit 133 1s a processing unit that
estimates a delay of the actual turning angle of the turning
wheels 220 with respect to the target turning angle acquired
from the target turning angle acquiring unit 131 based on a
delay model with the detected rotation angle as an 1input and
outputs delay information. The delay model 1s a model that
can denive a delay state of the hydraulic mechanism 240 by
a linear or nonlinear arithmetic operation. For example, a
transier function of a delay system can be exemplified as one
delay model. Specifically, Expression 1 described below
represents a model of a first-order delay system.

G(s)=1/(1+15) Expression 1

The correction unit 134 includes a correction value cal-
culating unit 136 and an adder unit 137. The correction value
calculating unit 136 calculates an angle compensation value
which 1s a correction value of the target turning angle based
on the delay information. The adder unit 137 corrects the
target turning angle by adding (which includes addition of a
negative angle, that 1s, subtraction) the angle compensation
value which 1s the delay information indicating an angle to
the target turning angle acquired by the target turning angle
acquiring umt 131.

The model information acquiring unit 1335 acquires model
information on the delay model acquired based on the target
turning angle and the actual turning angle of the turning
wheels 220. For example, when the delay model 1s a model
expressed by Expression 1, the model information 1s T and
the model information acquiring unit 133 acquires and stores
the mput T and outputs T to the delay estimating unit 133.

By actually causing the vehicle to travel, a delay state of
the actual turning angle of the turning wheels 220 with
respect to the target turning angle as illustrated 1n FIG. 3 can
be acquired and T derived based on the acquired data can be
input to the model information acquiring unit 135. Accord-
ingly, even when steering systems 200 are of diflerent types,
steering devices 100 which are mounted in the different
types of steering systems 200 can be commonized by
deriving T and inputting the derived T to the steering devices
100.

With the steering device 100 provided 1n the aforemen-
tioned steering system 200, for example, even 1n a situation
in which turning and returning of a steering wheel are
alternately performed as on an S-curved road, a delay based
on looseness of the hydraulic mechanism can be estimated
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in advance and the electric motor 110 can be controlled such
that the delay does not occur.

In automated driving, since delay of the actual turning
angle of the turning wheels 220 with respect to the target
turning angle output from the automatic control device 250
1s curbed, it 1s possible to enhance safety in travel of a
vehicle.

By causing the hydraulic mechanism 240 to generate most
of the turning force required for turning the turning wheels
220, 1t 15 possible to achieve a decrease 1n size of the electric
motor 110 and to achueve a decrease 1n size of the steering
device 100 as a whole. Accordingly, it 1s possible to improve
a degree of freedom in an arrangement position of the
steering device 100.

The disclosure 1s not limited to the aforementioned
embodiment. For example, an embodiment realized by com-
bining elements described 1n this specification and excluding
some elements 1s included as an embodiment of the disclo-
sure. Modified examples obtained by performing various
modifications considered by those skilled in the art without
departing from the gist of the disclosure, that 1s, the meaning
of words described 1n the appended claims, are included 1n
the disclosure.

For example, the delay estimating unit 133 may be an
artificial intelligence (Al) which has been trained by super-
vised learning, unsupervised learning, remforcement learn-
ing, or the like. In thus case, as illustrated in FIG. 4,
information on the artificial intelligence trained by a training
umt 270 using mputs including the target turning angle
acquired from the target turning angle acquiring unit 131 and
the actual turning angle may be acquired as model informa-
tion by the model information acquiring unit 135.

As 1llustrated 1n FIG. 5, the steering system 200 may be
a system in which the steering shaft member 111 and the
shaft member 212 are mechanically connected such that a
torque when a driver operates the operation member 211 1s
mechanically transmitted as a part of the turning force to the
turning mechanism 230.

As 1llustrated 1n FIG. 5, the electric motor 110 may
transmit a torque to the steering shait member 111 via a
reduction gear.

An example in which the rotation angle detector 120 1s
disposed between the electric motor 110 and the pinion shaft
231 has been described above. However, as long as 1t can
detect the turning angle of the turning wheels 220, the
rotation angle detector 120 may be disposed at any position
between the electric motor 110 and the turning wheels 220.
In this case, the delay estimating unit 133 estimates a
“response delay between the rotation angle detector 120 and
the turning wheels 220”+a “response delay of turning angle
control PID,” which matches a “response delay between the
target turning angle and the turning angle.”

The disclosure 1s applicable to a vehicle, particularly, to a
large vehicle, an agricultural vehicle, a construction vehicle,
and the like of which turming of turning wheels requires a
large force.

What 1s claimed 1s:

1. A steering device that 1s connected to a turning mecha-
nism to which a part of a turning force 1s applied by a
hydraulic mechanism, the steering device comprising:

an e¢lectric motor that outputs a driving force which 1s

applied to the turning mechanism;

a rotation angle detector that detects a rotation angle

based on rotation of the electric motor and outputs the
detected rotation angle; and
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a steering control device configured to

acquire a target turning angle which 1s a target value of
a turning angle of turming wheels,

control the electric motor such that a turning angle of
the turning wheels reaches the target turning angle, 5

estimate a delay of an actual turning angle of the
turning wheels with respect to the target turning
angle based on a delay model with the detected
rotation angle as an mput and output delay informa-
tion, and 10

correct the target turning angle based on the delay
information.

2. The steering device according to claim 1, wherein the
delay model which 1s provided 1n the steering control device
1s a transier function of a delay system. 15

3. The steering device according to claim 1, wherein the
delay model which 1s provided 1n the steering control device
1s a nonlinear model.

4. The steering device according to claim 1, wherein the
steering control device 1s configured to acquire model infor- 20
mation on the delay model which 1s acquired based on the
target turning angle and the actual turning angle of the
turning wheels.
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